Serving as one key component of the most important lifeline infrastructure system, transmission towers are vulnerable to multiple nature hazards including strong wind and could pose severe threats to the power system security with possible blackouts under extreme weather conditions, such as hurricanes, derechoes, or winter storms. For the security and resiliency of the power system, it is important to ensure the structural safety with enough capacity for all possible failure modes, such as structural stability. The study is to develop a probabilistic capacity assessment approach for transmission towers under strong wind loads. Due to the complicated structural details of lattice transmission towers, wind tunnel experiments are carried out to understand the complex interactions of wind and the lattice sections of transmission tower and drag coefficients and the dynamic amplification factor for different panels of the transmission tower are obtained. The wind profile is generated and the wind time histories are simulated as a summation of time-varying mean and fluctuating components. The capacity curve for the transmission towers is obtained from the incremental dynamic analysis (IDA) method. To consider the stochastic nature of wind field, probabilistic capacity curves are generated by implementing IDA analysis for different wind yaw angles and different randomly generated wind speed time histories. After building the limit-state functions based on the maximum allowable drift to height ratio, the probabilities of failure are obtained based on the meteorological data at a given site. As the transmission tower serves as the key nodes for the power network, the probabilistic capacity curves can be incorporated into the performance-based design of the power transmission network.
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Keywords: probabilistic capacity assessment, transmission tower, wind, incremental dynamic analysis, performance-based design, wind-induced vibrations, wind tunnel experiments inTrODUcTiOn Serving as one key component of the lifeline infrastructure system, electrical transmission networks, and distribution systems including transmission towers and lines are under a complex set of multiple threats from natural and manmade hazards. Possible failures from transmission towers and lines and associated large area blackouts could pose severe threats to the power system security, which has been a great challenge for the stakeholders, decision makers, and the whole society. In the Americas, Australia, and South Africa, about 80% of the transmission tower failures are due to the strong wind loadings from tornados, hurricanes, or isolated thunderstorms and such failures could lead to large area power outages (Dempsey and White, 1996; McCarthy and Melsness, 1996, Savory et al., 2001; De Oliveira et al., 2006 , Jacobs, 2013 . For example, over five million people in the U.S. West Coast lost power on December 22, 1982 after high winds knocked over a major 500-kV transmission tower, which fell into a parallel 500-kV line tower. The failure mechanically cascaded and caused three additional towers to fail on each line (Jacobs, 2013) . More recently, large area blackout during Hurricane Sandy in October 2012 for 8.2 million people in 17 states, the District of Columbia and Canada and June 2012 Derecho for 4.2 million people in 11 Midwest and Mid-Atlantic states and the District of Columbia were also related to strong winds and associated tree falling and wire breakage in extreme weather conditions.
To avoid future transmission tower failure and achieve a quick recovery of regional areas from future extreme nature hazards, understanding the structural capacity and the characteristics of interactions between the transmission tower and strong wind are essential for the power system's safety and reliability. Therefore, many codes, specifications, or manuals are available for the transmission tower design, such as the ANSI National Electric Safety Code (NESC) (ANSI 2006) , the International Electrotechnical Commission (IEC) Standard 60826:2003 (IEC 2003 , and the ASCE Manual 74 (American Society of Civil Engineers (ASCE), 2010), etc. In these codes or design manuals, an orthogonal approach is used to model the wind loads for transmission tower. The wind loads are only modeled as loads in the transverse and longitudinal directions. However, with significant difference of wind drag forces in different wind directions, wind loads could be significantly diverted with those defined in the codes (Mara, 2013) . Meanwhile, the drag coefficient of the lattice frames is based on the solidity ratio in the design codes, which could not effectively illustrate the wind-structure interactions for different structural geometries. For a better illustration of wind-structure interactions, wind tunnel tests are carried out to find better expressions for the drag coefficient of the tower and the cable for different wind directions and study their dynamic responses (Loredo-Souza and Davenport, 2001; Okamura et al., 2003, Mara and Ho, 2011; Loredo-Souza, 2014) .
In addition, due to the localized and unpredictable characteristic of local wind environments, wind profiles, and time histories could be different for different sites with different meteorological data. During an extreme storm event, the wind could be non-stationary based on the anemometry data and transient flow from such non-stationary gusts could have significant effects on structural responses (Schroeder and Smith, 1999; Wu et al., 2001 , Letchford et al., 2002 . Meanwhile, due to the rising average temperatures accompanying a more variable climate system, the extreme weather events are becoming more common leading to an increase of extreme hazards, such as those from hurricanes, isolated severe thunderstorms, and tornados (Semenov and Barrow, 1997; Meehl et al., 2000 , Jentsch et al., 2007 . To evaluate the potential risk of the transmission power system including the transmission towers, it is essential to evaluate the structural performance in multiple limit states for different failure modes with an effective methodology to include the associated uncertainties from structure and the surrounding environment and to build fragility curves for performance-based design of the structural system for risk analysis.
The present study focuses on building effective capacity assessment approach for transmission towers subjected to strong winds. A new probabilistic capacity assessment approach for transmission towers under strong wind loads is proposed and implemented for a 3-D lattice tower. At first, the wind loading for the transmission tower are modeled based on the randomly generated wind time history as a summation of time-varying mean and fluctuating components. The varied drag coefficients for different panels and wind yaw angles are obtained from wind tunnel experiments. To assess the structural capacity in different yaw angles of wind loadings, incremental dynamic analysis (IDA) is carried out and sets of IDA curves are created to predict the probabilistic capacity curves. Based on the meteorological data for a given site, the probability of failure for all wind yaw angles is evaluated with defined limit states and the risk analysis for transmission tower can be carried out. The paper is organized as the following four main sections. In the first section, the wind-structure dynamic system is modeled. The finite element model of the transmission tower is built and stochastic wind field is generated. In the second section, the wind tunnel experiments for the transmission tower are introduced and the wind loading coefficients are obtained. In the third section, the IDA analysis for capacity assessment is introduced and the capacity curves for different wind directions are obtained. In the fourth section, the set of IDA curves are obtained for probabilistic capacity assessment and the approach is summarized, as well. After defining limit states, the probabilities of failure for the transmission tower are obtained for wind speeds in different return periods using the meteorological data at a given site.
MODeling The WinD-TOWer DYnaMic sYsTeM Finite element Modeling of the Transmission Tower
The lattice transmission towers are built with L-shape steel members and truss, beam elements or their combinations are usually used to model the structure. The material non-linearity and the geometric non-linearity are included by using bilinear elastoplastic material properties and by implementing large deformation analysis, respectively.
To effectively present the proposed probabilistic capacity assessment methodology, the finite element model for a 550-kV single circuit lattice transmission tower is built first for the structural capacity analysis. The tower is 68.6 m high and the side length of the square base for the tower is 14.094 m. The prototype transmission tower is shown in Figure 1 . The finite element model is built in the commercial software ANSYS using 3D beam elements (Beam 188) with a total of 2107 elements and 1708 nodes. The four nodes at the ground level are fixed. After defining the material properties for the elements and boundary conditions, the mode analysis is carried out in ANSYS to find the mode frequencies and mode shapes. Based on the modal analysis, the first mode is lateral vibration with a frequency of 1.631 Hz and the second mode is longitudinal vibration with a frequency of Figure 2 and the first six modes are summarized in Table 1 .
Modeling of Wind loads
As shown in Figure 1 , the transmission tower has varied geometries in different heights and could have varied wind loadings in natural wind environment. As a result, multiple subsections of the transmission tower are defined as loading panels along the tower to differentiate the wind loads of the tower in different height. The drag wind load for each panel in a given wind yaw angle can be obtained by Mara (2013) :
where ρ is the air density, V is the wind speed at the height of the section, Cd is the drag coefficient, and Ap is the projected area of the test subsection in the plane that is perpendicular to the incoming wind. In many wind design codes for transmission towers, the drag coefficient is defined as a function of solidity ratio. In the present paper, the drag coefficients are obtained through wind tunnel experiments, which will be detailed in the following sections. Wind fluctuations can be treated as stationary Gaussian process and could be simulated using a superposition of trigonometric functions with random phase angles or the spectral representation method (Shinozuka and Deodatis, 1991; Kareem, 2008) . In the present study, Kaimal's spectrum is used for longitudinal wind fluctuation component. The simulated wind turbulence at a mean wind speed of 8 m/s and the comparison of the spectrum calculated from the simulated wind turbulence time history and the target wind spectrum is shown in Figure 3 .
Wind environment
In the present study, the historical wind data from one meteorological observatory (Xiaoyangshan Meteorological Observatory) are adopted in the probabilistic capacity assessment approach for a demonstration purpose (Ge et al., 2003; Zhang et al., 2013) . Maximum observed wind speeds at 10 m height and probabilities of the 12 wind directions in a typical year can be obtained based on the 4-year continuous records as shown in Figure 4A . Based on the statistical tests of the datasets, Extreme type I distribution is used for wind speed distributions for all wind directions and the parameters for the distribution are obtained (Ge et al., 2003) . Therefore, 50, 100, and 300-year return period wind speed can be obtained, which are shown in Figure 4B . It is noteworthy that the observatory site is located at east coast of China, which is exposed to the strong wind from tropical cyclones or typhoons (Ge et al., 2003; Zhang et al., 2013) .
WinD TUnnel eXPeriMenTs setup of Wind Tunnel experiment
In the present study, the wind-structure interactions are simplified as wind loading on structures using Eq. 1 and the wind drag coefficient Cd can be obtained through wind tunnel experiments. The wind tunnel experiments for the transmission tower were carried out in HD-2 wind tunnel at Hunan University, China. A rigid model for measuring drag coefficient Cd and an aeroelastic model for gust response factor (GSF) G were built separately. The test section in the wind tunnel is 2.5 m high, 3.0 m wide, and 17.0 m long. To achieve a better measurement of the interactions between wind and L-shape structural member, a 1/40 scale is used considering the height of the working section of the wind tunnel and model fabrication accuracy. The aeroelastic model in the wind tunnel is shown in Figure 5 and the wind profile in the wind tunnel is generated by using the passive devices of spires, fences, and roughness blocks. The wind velocity and turbulence intensity profiles of the wind tunnel are shown in Figure 6 . As shown in the figure, the wind profile of the wind tunnel matches well with the power law wind profiles for the power law exponent of 1/0.16 = 6.25, which is defined as Exposure B in the Chinese code. It is noteworthy that the Exposure B in ASCE7 is defined a little different and the exponent α is 7.0. The turbulence intensity profile of the wind tunnel matches well with the one defined in the Chinese Code. However, it has large differences with the one defined in the ASCE7-05.
Drag coefficients
To obtain the drag coefficient Cd at different heights, the rigid transmission tower is divided into six sections, as shown in Figure 1 corresponding to those defined in the finite element model. The assembled structure model segments were connected to a six-component force balance, which was fixed in a turntable in the wind tunnel. The drag force signals are recorded by the force balance and the drag coefficients for every subsection at different yaw angles in the smooth flow were calculated using the following equation:
where FX, FY are the static drag forces along body axis X and Y and β is the wind yaw angle defined in Figure 7 , and U is the mean wind speed of the coming flow at the height of 0.25 m, which corresponds to the 10-m height of the prototype transmission tower. The wind velocity is measured by 3D cobra probe. The tested drag coefficients for each subsection and yaw angle are shown in Figure 8 . As shown in Figure 8 , the drag coefficients vary with yaw angles. Similar results can be found in Mara's work (Mara and Hong, 2013) and it is noteworthy that in the current ASCE code, drag coefficients are only defined in the transverse and longitudinal directions.
Since the transmission tower has a square base, the drag coefficients for subsections D-F only have limited differences for the yaw angle of 0° and 90°. With the increase of the height, the tower shape change gradually. The drag coefficients have 11% difference for subsection C in 0° and 90°, 20% difference for subsection B, and 110% difference for subsection A. For all subsections, the maximum drag coefficients are at the yaw angle of 30°. In the present paper, for a demonstration purpose, only four yaw wind yaw angles of 0°, 30°, 60°, and 90° will be used to evaluate windtower interactions. 
gust response Factor
Gust response factor is used to consider the dynamic effect of turbulent flow. A series of wind tunnel experiments were carried out for the aeroelastic tower model and the buffeting responses at different yaw angles of the model were measured. Based on a sensitivity study, the stiffness for the transmission tower is found to be provided mainly by the four major vertical columns and the contributions from lateral bending of each L-shape steel member are relatively small (Hua et al., 2014) . Therefore, only the similarity of axial stiffness is considered in the model and the aeroelastic model was built with aluminum with a scaled area and axial stiffness. The accelerometers were installed at four heights of the model to capture the acceleration signals in the wind tunnel experiments. Based on the recorded acceleration signals at four height levels of the model, GSF for the tower can be calculated by
where, Pd and Ps are dynamic load and static load, respectively; CD(z) is the drag coefficient of the subsection at height z; μz(z) is the wind pressure height coefficient; w V 0 1 0 2 1600 = / is the basic wind pressure; Ap(z) is the net projected area of the test subsection in the plane that is perpendicular to the incoming wind of the subsection at height z; M(z) is the mass of the subsection at height z; Ga is the peak factor of the acceleration; and σa(z) is the root mean square deviation of acceleration response. The gust loading factors for different subsections (SS-A to SS-F) at different wind yaw angles were obtained and shown in Figure 9 at a wind speed of 20 m/s for the tower prototype.
As shown in the figure, the gust loading factors increase with the height of the subsection. When the height ratio (z/H) is <0.8, the gust loading factor is around 1.0-1.3. The differences of GLF in each yaw angle range from 3 to 9% and increase with the height ratio. However, after the height ratio exceeds 0.8, the gust loading factor can be over 1.5 and reach 1.9 when β = 0°. Based on the height and the net projected area of the subsection in the incoming wind direction, the weighted mean gust loading factor for the tower can be calculated as 1 6
, where Gi and hi and the gust loading factor and height for each subsections. The calculated weighted mean gust loading factor falls in the range of 1.19 (β = 0°) to 1.23 (β = 90°).
increMenTal DYnaMic analYsis
Dynamic analysis
Based on the wind loading defined in Eq. 1 and drag coefficients Cd obtained from wind tunnel experiments, the dynamic analysis of the wind-transmission tower system can be simulated in the time domain and the time histories could be obtained. Figures 10A,B show the time history of top tip displacement and base shear force at wind speed of 8 m/s and wind yaw angel β = 0°. Based on the data in Figures 10A,B , the GSF of 2.04 and 1.82 can be obtained for top tip displacement and base shear force, respectively.
Meanwhile, the dynamic effects of wind loading are usually considered in the design codes as a dynamic amplification factor, such as GSF in ASCE74. The wind loading for each panel in a given wind angle is calculated using the following equation (American Society of Civil Engineers (ASCE), 2010):
where γw is the load factor to adjust the wind load for the desired return period; V50 is the 3-s gust basic wind speed with a 50-year return period; Kz is the velocity pressure exposure coefficient; Kzt is the topographic factor; Q is a numerical constant, which reflects the mass density of air for the standard atmosphere; G is the GSF for conductors, ground wires, and structures; and Cd is the drag force coefficient values and A is the area projected on a plane normal to the wind direction. Compared with the GSF obtained from wind tunnel experiments, larger GSFs can be obtained using the dynamic analysis approach. In the present study, the dynamic analysis approach will be used for capacity analysis. Based on the dynamic analysis, the maximum base shear force and top tip displacement at all wind directions can be obtained as shown in Figures 11A,B, respectively. With the increase of wind speed, the maximum base shear force and top tip displacements increase linearly in elastic range. After yielding begins to develop in structural members, the increase rate of base shear force drops quickly and large top tip displacements can be found even with a small increase of wind speed.
incremental Dynamic analysis approach
To assess the global behavior of a structure from its elastic response to global dynamic instability through yielding and non-linear response, the IDA has been widely used for structure performance under earthquake loading. By analogy with passing from a single static analysis to the incremental static push over (SPO), the seismic loading is scaled to extend the single time history analysis into an incremental one (Vamvatsikos and Cornell, 2002) . Since the IDA concept has been first mentioned by Bertero in 1977, IDA has been developed to build upon the results for probabilistic seismic hazard analysis to estimate the risk for a given structure. Meanwhile, FEMA (2000a,b) has adopted IDA to determine the global collapse capacity. Recently, the IDA method has been applied to assess the structural capacity of transmission towers under wind loading (Banik et al., 2008 , Mara, 2013 . Unlike the seismic loading with a zero mean stochastic excitations, the wind effects are not zero mean loading. The wind loadings include mean wind loading component and fluctuating buffeting wind loading component due to the wind turbulence. In the present study, a stepping algorithm is applied, where the wind loads are increased by steps until structural collapse and the wind loads at each panel were evenly distributed to the nodes in the subsections. To define a limit state for the structural model, damage measure (DM) is defined as a non-negative scalar that characterizes the additional response of the structural model to a prescribed loading, which could be obtained through a corresponding nonlinear dynamic analysis, such as a seismic analysis (Vamvatsikos and Cornell, 2002) . For performance-based design, multiple DMs could be chosen to assess different response characteristics, limit states, or different failure modes. In the present study, the maximum top tip displacement and maximum base shear force are selected as DMs. For each of the four wind directions considered in the present study, the IDA is carried out and the time histories of the transmission tower top tip displacement and base shear force are obtained for each wind speed and direction. Meanwhile, to investigate whether the capacity curves are representative for longer durations for wind-structure interactions, a sensitivity analysis for the IDA analysis was carried for 35 s, 1 min, and 2 min simulations. As the maximum values for both of the base shear forces and top tip displacements are found to be within the first 35 s, the IDA analysis is based on 35 s simulations to save calculation cost.
capacity curve for Wind loading in longitudinal Direction
The capacity curves are obtained for the relation between the total base shear force versus the top tip displacement based on the maximum base shear force and corresponding top tip displacement (Curve A), the maximum top tip displacement and corresponding base shear force (Curve B), and the maximum base shear force and the maximum top tip displacement (Curve C). The capacity curves for the transmission tower in longitudinal direction, where β = 0°, are shown in Figure 12 , which includes all of the three curves between the top tip displacement and base shear force. As shown in Figure 12 , the structure is in an elastic range when the base shear force is below 594 kN and the top tip displacement is below 0.444 m. The corresponding wind speed is 50 m/s. With the increase of the base shear force and the top tip displacement, the structure goes beyond the elastic range and yielding occurs for structural members.
capacity curve for Other Wind Directions
The analysis can be repeated for other wind directions to obtain the relationship between the maximum base shear force and the maximum top tip displacement for all wind directions. Figure 13 shows the base shear force and top tip displacement for different wind yaw angles. In the elastic range, only limited differences can be found for the ratios of the base shear and top tip displacement. When the top tip displacements reach 0.4 m, the first brace-buckling occurs and the structure begins to have non-linear behavior. Comparing with the other wind directions, the maximum base shear forces for 0° are larger than the other directions at the same tip displacements when yielding begins at the top tip displacement of 0.4-0.8 m. When the maximum top tip displacement is 1.37 m, which is 2% of the tower height, the maximum base shear force could range from 590 to 715 kN.
PrOBaBilisTic caPaciTY assessMenT set of iDa curves
As the IDA study for seismic loadings is accelerogram and structural model specific, different ground motions could lead to different IDA curves (Vamvatsikos and Cornell, 2002) . Similarly, due to the stochastic nature of wind field, the capacity curves obtained from IDA analysis could vary for different wind time history inputs, as well. Therefore, the single IDA study could not capture the structural performance under stochastic wind loadings and multiple IDA curves are needed to cover the full range of responses. For seismic loads, the IDA curve set is defined as a collection of IDA curves for the same structural model under different accelerograms with same intensity measures (IMs) and DM (Vamvatsikos and Cornell, 2002) . In the present study, the IDA curve set for wind loadings can be defined in a similar way. The IDA curve set, therefore, is defined for the same structural model under different stochastic wind loadings due to different stochastic wind time histories, which have the same mean wind speed and the same wind spectrum parameters. For a demonstration purpose, three wind speed time histories are simulated for the IDA analysis in the present study, which lead to three sets of capacity curves. Based on the three sets of capacity curves, the mean, 16%, and 84% IDA curves could be obtained to take into account the inherent randomness with respect to the wind loadings. As shown in Figure 14A , the line represents the mean IDA curve and the 16% and 84% IDA curves form the shaded area in the figure, which has 68% confidence level for the maximum base shear forces. In the elastic range when the displacement is below 0.43 m and the base shear force is below 473 kN, the variances for the wind loading can be neglected. After yielding of some structural members, the coefficient of variation , only small variations can be found, which suggests that the yielding starts from different elements. However, only small variations can be found when the members continue to yield toward the final failure, which suggests the same failure modes. When the wind yaw angle β = 60°, variations could be found starting after initial yielding and remains constant at about 0.04. Compared with those at β = 0°, variations are smaller, which suggests that the final failure modes have less variations. Similar trends could be found for β = 90°. For all the wind yaw angles, the maximum mean base shear force reaches its maximum value of 706 kN at β = 60° and the maximum mean base shear force for β = 0°, 30°, and 90° is 674, 668, and 622 kN, respectively. Due to the symmetry of the transmission tower in longitudinal and transverse directions, the IDA curves for the twelve directions from β = 0° to 330° can be grouped into the four directions β = 0°, 30°. For example, the IDA curve for β = 0° can be used for β = 180°; the IDA curve for β = 90° can be shared with β = 270°; β = 30°, 150°, 210°, and 330° are in the same IDA curve group; the IDA curve for β = 60° can also be used for β = 120°, 240°, and 300°.
limit states
For a performance-based design framework, structural performance is associated with reaching criteria that a limit-state rule is satisfied. In the present study, as the DMs are defined as damage indicators, the limit states can, therefore, be defined when DMs increase beyond a certain value that the structural model is assumed to be in the limit state. For example, in FEMA guidelines, the maximum drift to height ratio θmax = 2 or 8.5%
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Frontiers in Built Environment | www.frontiersin.org is defined as the limit state for steel moment-resisting frames (SMRFs) with type-1 connections for the immediate occupancy structural performance level or collapse prevention level (FEMA, 2000b) . Since such limit states are not defined in the design code for transmission towers, θmax = 2% is used as the limit state for the transmission towers in the present study for a demonstration purpose. Therefore, in the present study, failure is defined as the maximum drift to height ratio being over θmax, which does not mean a catastrophic collapse. Since the set of IDA curves are dependent on the yaw wind angles, the probability of failure of the structure for the defined limit state could be obtained as
where different i represents the twelve different wind yaw angles from 0° to 330°, αi is the probability of the wind direction at the structure site, and Pfi is the probability of failure for given wind yaw angle αi and could be obtained by evaluating the limit-state function shown below:
where θ is the drift (top tip displacement) to height ratio calculated from IDA analysis, θmax = 2% is the limit state defined for structural capacity, and g is a failure function such that g < 0 implies a structural failure. For the given wind yaw angle, the probability density function for θ could be obtained:
where P(W) is the probability density function of wind speed in given wind direction and P(θ|W) is the conditional probability density function for θ, which can be obtained from analyzing the set of IDA curves.
Probabilistic capacity assessment
The probabilistic capacity assessment approach based on IDA analysis is summarized in Figure 15 . First, finite element model for the transmission tower is built. The wind loadings can be applied to the structural model by using randomly generated wind speed time histories based on given wind spectrum and wind speed and the wind loading coefficients from wind tunnel experiments. By implementing IDA analysis for different wind yaw angles and different randomly generated wind speed time histories, probabilistic capacity curves, such as those in Figure 14 , can be generated. After defining the limit-state function for the structure in different wind yaw angles as shown in Eq. 8, the probability of failure can be obtained based on the meteorological data from a given site or wind speed data for a given return period, such as those in Figure 4 . In the present study, for a 50-year return period wind, as the tower is still in the elastic range for most of the twelve wind yaw angles (except for β = 120°, 150°, and 240°), the probability of failure is 0 by using evaluating Eq. 8. However, for β = 120°, 150°, and 240°, the probability of failure is 6.0e−7, 1, and 9.6e−5. It is noteworthy that the probability of failure is 1 at β = 150°, which suggests that the drift (top tip displacement) to height ratio has exceeded θmax = 2% under that wind speed. The high probability of failure is due to the higher wind speed and larger drag forces in that direction as shown in Figures 4 and 8 . Therefore, the probability of failure for a 50-year return period wind speed in all directions can be obtained using Eq. 7 and Pf = 4.2%. Similarly, probability of failures for 100 and 300-year return period wind speed can be obtained as 4.8 and 39.5%, respectively. Since the structure is still in an elastic range at the 50 and 100-year return period wind speed, the differences of the probability of failures for the two wind speeds are small. However, as yielding begins to develop in many wind yaw angles, the probability of failure increases drastically as the wind speed increases to a 300-year return period wind speed. It is noteworthy that only a single transmission tower is considered in the present study and the possible failure modes due to the cascading effects from adjacent towers and lines are not included in the limit states. However, the proposed probabilistic capacity assessment approaches can be implemented for the other high-intensity winds such as tornados, downbursts, and microbursts and any other scenarios with different hazards or their combinations, such as ice loads and cable vibrations.
cOnclUsiOn
With continuous climate change and associated severe natural hazards, such as hurricanes and winter storms, accurate predictions of structural capacity and failure modes of the transmission towers and power systems have been critical to ensure community resiliency and avoid large area blackout. This paper presents a probabilistic approach for capacity assessment for transmission towers under strong wind loadings. After modeling the transmission towers with beam elements and simulating stochastic wind field, the IDA for a transmission tower is carried out. Multiple wind time histories in four different wind directions were used for the dynamic analysis of the wind and transmission tower dynamic system. Wind tunnel experiments were carried out to obtain the drag coefficient and dynamic response factor for different wind yaw angles and different subsections of the tower. In the present study, the maximum base shear forces and top tip displacements are chosen as the DMs and the capacity curves for different wind yaw angles are obtained. To take into account the inherent randomness with respect to the wind loadings, different wind time histories are used in the wind-structure dynamic system to obtain the mean, 16%, and 84% IDA curves. After building the limit states according to the maximum drift to height ratio, the probabilities of failure are obtained for a given site meteorological data with different return periods. From the present study, the following conclusions are drawn: (1) the failure modes for different wind yaw angles could be different and the structural capacity for the transmission tower varies for different wind yaw angles; (2) in the elastic range of the transmission tower, the random wind effects are very small. The random wind effects begin to develop after yielding of different structural members over the elastic range; and (3) probability of failure for different yaw angles could be different.
The present study has demonstrated an effective probabilistic capacity assessment approach framework for transmission towers considering stochastic wind loadings. However, for performance-based design of transmission towers and power systems, other failure modes, such as fatigue damages or cracks and large amplitudes of vibrations, should be included. In addition, the randomness of structural members and progressive deterioration of structural members in structure's life cycles are not considered in the present study. For a better understanding the resilience of the power transmission and delivery network, more research efforts are needed under the performance-based design framework using the probabilistic approach to assess all possible failure modes for all possible extreme weather scenarios. This will enable the stake holders and decision makers to better understand the system performance of the power transmission system under extreme events and help propose possible effective mitigation plans and strategies to avoid possible system failures and large area blackouts. 
